The regulated exocytotic release of neurotransmitter and hormones is accomplished by a complex protein machinery whose core consists of SNARE proteins and the calcium sensor synaptotagmin-1. We propose a mechanism in which the lipid membrane is intimately involved in coupling calcium sensing to release. We found that fusion of dense core vesicles, derived from rat PC12 cells, was strongly linked to the angle between the cytoplasmic domain of the SNARE complex and the plane of the target membrane. We propose that, as this tilt angle increases, force is exerted on the SNARE transmembrane domains to drive the merger of the two bilayers. The tilt angle markedly increased following calcium-mediated binding of synaptotagmin to membranes, strongly depended on the surface electrostatics of the membrane, and was strictly coupled to the lipid order of the target membrane.
N eurons and other secretory cells release neurotransmitters or hormones into the extracellular space by exocytosis in response to a rise in intracellular Ca 2+ levels near the release site. Ca 2+ -regulated exocytosis is accomplished by a set of essential proteins that catalyze fusion of the secretory vesicle with the plasma membrane. The regulatory precision of this process is particularly rigorous in synaptic transmission, where synaptic vesicles release their neurotransmitter content within tens of microseconds after the plasma membrane has been depolarized and Ca 2+ channels have opened to raise the intracellular Ca 2+ concentration 1, 2 . Intense research over the last two decades has identified not only the proteins that are essential for this process, but also some of the necessary steps in regulated exocytosis. The final steps include a relatively loose tethering of secretory vesicles at the active zones of presynaptic membranes, docking to immobilize those vesicles, and priming that renders the fusion machinery highly sensitive to Ca 2+ (refs [3] [4] [5] ). Essential membrane proteins for this process are the SNARE proteins syntaxin-1a (Syx1a) and SNAP-25 in the plasma membrane and synaptobrevin-2/VAMP-2 (Syb2) in the synaptic vesicle membrane, as well as different isoforms of synaptotagmin (Syt) in the vesicle membrane 6 . Syt1 is the isoform that is most relevant for fast, evoked neurotransmitter release in neurons.
During fusion, the cytosolic domains of SNARE proteins, specifically their SNARE motifs, assemble into a highly stable fourhelix bundle known as the SNARE complex. SNARE proteins alone are sufficient to catalyze membrane fusion when reconstituted in purified form into proteoliposomes, albeit in a Ca 2+ -independent fashion 7 . The cytosolic part of Syt consists of two C2 domains that have been identified as the Ca 2+ sensors for Ca 2+ -triggered exocytosis 8 . In vitro fusion experiments with reconstituted proteoliposomes comprising only SNAREs, Syt1, and negatively charged lipids revealed a Ca 2+ -dependent increase of fusion events [9] [10] [11] [12] [13] [14] . However, compared with regulated exocytosis, these systems all exhibit a relatively high base level of fusion in the absence of Ca 2+ . Thus, it is clear that other proteins are essential to achieve the precise regulation that is observed in synaptic neurotransmitter release.
These include Sec1/Munc18-like (SM) proteins, complexins, and Munc13-like proteins 3, 5, 15, 16 .
Although the importance of several of these regulatory proteins has been identified, their precise function during docking, priming, and fusion triggering is still being debated. Of particular interest is the molecular architecture of the primed state. The physiological stoichiometries of these fusion-ready assemblies are frequently not known, and whether full-length or only fragments of these multi-domain proteins are used often determines the outcomes of in vitro experiments. Finally, despite its effects on synaptic function and brain health 17 , the role of the surrounding membrane and the complexity of its lipid composition have been frequently ignored. Reconstitution experiments have shown that significant Ca 2+ -dependent increases in fusion efficiency can be achieved when Munc18's and Munc13's MUN domain 18 or complexin 14 is included in SNARE/Syt fusion assays. Our lab recently developed an assay that resolves the docking and fusion of single purified dense-core vesicles (DCVs) from PC12 cells with supported membranes that contain acceptor t-SNAREs (that is, full-length Syx1a and SNAP-25A) that have been activated by Munc18-1 and restricted for fusion in the absence of Ca 2+ by complexin ( Fig. 1b) 19 . Injection of moderate amounts (tens of μ M) of Ca 2+ triggered fusion from near-zero to ~70% probability under known physiological protein and lipid conditions that closely approximated triggering of neuronal exocytosis (Fig. 1e , adapted from ref. 19 ). In the absence of Munc18 and complexin, SNARE/ Syt fusion could still be triggered by the same level of Ca 2+ , but unrestricted (spontaneous) fusion was higher, as observed in most other SNARE/Syt fusion studies using reconstitution approaches ( Fig. 1e , adapted from ref. 19 ).
Numerous accounts indicate that the conformations and domain configurations of SNAREs and their regulatory proteins depend on the surrounding lipid bilayer in which they are embedded [20] [21] [22] [23] [24] . The lipid composition has also proven to be critically important for the fusion of purified DCVs and reconstituted target membranes. Indeed, Ca 2+ /Syt1-triggering depends strongly on the amount of phosphatidylinositol-4,5-bisphosphate (PI-4,5-P 2 ) in the target membrane 19 , again reproducing well-established cell physiology [25] [26] [27] [28] . Overall, our DCV and supported membrane fusion assay allowed us to uncouple the calcium-triggering process from the many other processes that simultaneously occur in living cells. We therefore sought to correlate a specific SNARE conformation with fusion and to test whether the transition from the starting trans-SNARE complex conformation to the fusogenic conformation could be triggered by Ca 2+ or Syt1. To do so, we measured the tilt angle, that is, the angle of the nascent SNARE complex relative to the target membrane by site-directed fluorescence-interference contrast (sdFLIC) microscopy ( Fig. 1a ) under a large variety of fusogenic and non-fusogenic pre-and post-trigger conditions. We found that the nascent SNARE complex moved from a strongly tilted conformation (low tilt angle) to an upright conformation following Ca 2+ or Syt1 triggering, which was presumably induced by a stiffening of the juxta-membrane region of Syx1a that transduces force into the membranes being fused ( Fig. 1c,d) . Notably, the size of the tilt angle, which is determined by a key conformational change in the Syx1a hinge region, depended on the order of the lipids in the bilayer in which Syx1a resided. Thus, during fusion, the change in the order of the lipids driven by Ca 2+ , Syt1, or other means causes Syx1a to assume its fusogenic conformation.
results

Conformational change of syntaxin in acceptor t-SNARE-tocis-SNARE complex transition.
A minimal system consisting of a supported membrane that contains only Syx1a and SNAP-25 was capable of fusing with purified DCVs from PC12 cells in a Ca 2+dependent manner (Fig. 1e) . To observe the different conformations of Syx1a during this process, we employed sdFLIC microscopy, an interferometric technique that measures the absolute distance, d m , of a fluorescent tag to the membrane surface 21, 29, 30 (Fig. 1a , data for all conditions are shown in Supplementary Figs. 1-3) . We prepared three different complexes that each included the Alexa546 label at residue 192 of Syx1a (Syx*192), that is, the N-terminal end of the SNARE motif, and reconstituted them into lipid bilayers composed of porcine brain lipids with headgroup compositions that mimicked the neuronal plasma membrane. The pre-fusion t-SNARE complex was formed in a 1:1 stoichiometry by co-reconstituting Syx*192 with dodecylated SNAP-25 (dSNAP-25) 31 . As observed for monomeric Syx1a, the N terminus of the Syx1a SNARE motif in this acceptor t-SNARE complex was in close proximity to the bilayer surface 21 (Fig. 2a) . A post-fusion cis-SNARE complex consisting of Syx*192(183-288) with SNAP-25 and Syb2 that closely resembles a structure previously used 32 for structure determination by X-ray crystallography was prepared and reconstituted into lipid bilayers of the same composition. As expected from the crystal structure, a measured sdFLIC distance (residue 192 to the membrane surface) of ~10 nm ( Fig. 2a ) revealed that the cis-SNARE complex stands upright in the membrane. To mimic an intermediate trans-SNARE complex, we pre-assembled Syx*192, SNAP-25, and Syb2 lacking the trans membrane domain. Here, residue 192 is about 6 nm from the bilayer surface ( Fig. 2a ), that is, intermediate between the distances of the binary t-SNARE and full cis-SNARE complexes. The results indicate that the juxta-membrane linker region between the SNARE motif and the transmembrane domain of Syx1a must change its conformation, and therefore its secondary structure, between the cis and trans complexes.
Ca 2+ -mediated binding of the C2AB domains of Syt1 to membranes is known to stimulate fusion in vitro 18 . We examined the effects of the Ca 2+ -mediated translocation of C2AB domains to the membrane on the Syx1a conformation in these SNARE complexes. We detected no changes in the pre-fusion acceptor t-SNARE complex and the post-fusion cis-SNARE complex ( Fig. 2a ). However, the trans-SNARE-mimicking complex straightened following C2AB binding, and its conformation resembled that of the cis-SNARE complex. Repeating these measurements with the fluorescent label at residue 249 of Syx1a confirmed the C2AB-induced transition from a tilted to the upright conformation ( Supplementary  Fig. 4a ). Although the resolution of sdFLIC was not high enough to draw conclusions about the secondary structure of the SNARE complex in the intermediate state, the measured heights of the two residues with respect to the membrane in the final state are consistent with the crystal structure of the cis-SNARE complex 32 . The same conformational change was observed by measuring the distance of Syb1-96, labeled at residue 28, after it had been added to a reconstituted pre-assembled binary complex of Syx1a and SNAP-25 ( Supplementary Fig. 4b ). It is important to note that, when measured by FLIC, the lipid bilayer surface did not change its average distance from the substrate ( Supplementary Fig. 4d ), something that would be expected if C2AB induced topographic undulations in the supported membrane. We detected a minor structural change of the SNARE complex when C2AB bound to the membrane in the absence of Ca 2+ , and the Ca 2+ /C2AB-induced change was reversible when the sample was washed with EDTA-containing buffer ( Supplementary Fig. 4e ). or was observed directly after docking in a minimal (SNARE-only) system lacking all regulatory proteins on the supported membrane (red). Data are replotted from ref. 19 .
Because Ca 2+ -dependent vesicle fusion probabilities rely on the presence of anionic lipids in the target membrane 19 , we wanted to know whether and how different lipid headgroups alter the conformations of the trans-SNARE complex-mimicking construct. Indeed, only in the presence of anionic lipids, phosphatidylserine (PS), and PI-4,5-P 2 did the SNARE complex change its orientation from a flexible membrane-apposed conformation to a stiff upright conformation following the addition of Ca 2+ /C2AB ( Fig. 2b and Supplementary Fig. 4b ). The addition of 15 mol% PS to otherwise uncharged lipids increased the tilt angle of the SNARE complex slightly, even in the absence of Ca 2+ . Adding Ca 2+ and C2AB further straightened the complex in the presence of PS, but not in a neutral bilayer composed of only phosphatidylcholine (PC), phosphatidylethanolamine (PE), and cholesterol. Adding 1 mol% PI-4,5-P 2 to the PS-containing membrane rendered the complex slightly more tilted at PS concentrations below 15 mol% ( Supplementary  Fig. 4c ). Adding additional factors such as Munc18 and complexin did not alter the observed transition into an upright conformation ( Supplementary Fig. 4f ).
Correlation of Syt C2AB-induced tilt of trans-SNARE-mimicking complex with its ability to promote fusion. To test the hypothesis that the changes in SNARE tilt occurring in the absence of vesicle membrane ( Fig. 1c ) are relevant to fusion, we correlated our distance changes for the trans-SNARE-mimicking complex to the fusion probabilities of Syt-deficient DCVs (depleted by short hairpin RNA (shRNA) knockdown; SytKD-DCVs) 19 to planar supported target membranes with identical composition. In the absence of Ca 2+ (presence of 100 μ M EDTA), 23% of all docked DCVs fused with the Syx/SNAP-25-containing membrane ( Fig. 2d ). Without Syt, the fusion probability did not increase after the EDTA-containing buffer had been replaced with 100 μ M Ca 2+ buffer. Adding Ca 2+ likewise did not change the distance of Syx*192 from the membrane surface ( Fig. 2c ). However, adding increasing amounts of C2AB markedly increased both Syx*192-membrane distance and fusion of DCVs. The correlation between our distance measurements and fusion proved to be notable ( Fig. 2c,d ). The fusion probability saturated at 0.4 μ M C2AB and produced the same level of fusion as wild-type DCVs in 100 μ M Ca 2+ .
Membrane fatty acyl chain composition modulates SNARE conformation and fusion activity.
It is known that binding, particularly Ca 2+ -dependent binding, of Syt C2AB to negatively charged membranes containing PI-4,5-P 2 modulates the acyl chain order of the lipid bilayer 33 . To determine whether lipid chain order contributes to the mechanism by which Syt alters SNARE conformation, we tested phospholipid compositions having a range of different acyl chains and measured SNARE conformation in the absence of Ca 2+ and C2AB. The trans-SNARE-mimicking complex was reconstituted in four different bilayers in which each of the phospholipids shared a specific fatty acyl composition among which the most abundant fatty acids of the plasma membrane were represented: only 16:0 (1,2-dipalmitoyl, DP) lipids with saturated acyl chains, only 16:0/18:1 (1-palmitoyl-2-oleoyl, PO) lipids with mixed acyl chains, only 18:1 (1,2-dioleoyl, DO) lipids with unsaturated acyl chains, and lipids from brain extracts with a broad distribution of different acyl chains. All of the bilayers contained 20 mol% cholesterol and were in the fluid phase. For each of these acyl chain systems, we chose three different headgroup compositions to measure the distance of Syx*192, and thus the tilt angle of the SNARE helical bundle from the bilayer surface (Supplementary Figs. 2 and 3): PC only ( Fig. 3a ), PC and PE (50:30 mol%; Fig. 3a ), and a plasma membrane (PM)-mimicking composition consisting of 34 mol% PC, 30 mol% PE, 15 mol% PS, 1 mol% PI-4,5-P 2 , and 20 mol% cholesterol ( Fig. 3a ). With these preparations, we tested the capacity of Ca 2+ and C2AB to modulate the SNARE complex conformation (Fig. 3a ). In the membrane of the highest acyl chain order, all-DP lipids, the SNARE complex had a low tilt angle under all conditions and Ca 2+ and C2AB did not change this (Fig. 3a ). In the membrane of the lowest acyl chain order, all-DO lipids, the SNARE complex became more upright, especially when the headgroup composition mimicked that of the PM (Fig. 3a) . As in the DP lipids, the SNARE complex's conformation was not modulated by Ca 2+ and C2AB. Intermediate tilt angles were observed when either PO or brain extract lipids were used ( Fig. 3a ). Under both of these mixed acyl chain conditions, the addition of Ca 2+ and C2AB increased the tilt angle of the SNARE complex, with a larger dynamic range in the natural brain lipids than in the synthetic PO lipids (Fig. 3a) . These results indicate that the juxta-membrane region of Syx1a changes from a hinged conformation (with low tilt angle) to an upright (cis-SNARE-complex-like) conformation following disordering of the lipid acyl chains.
To correlate these results with fusion, we measured the fusion probability of SytKD-DCVs with the four types of membranes in the absence and presence of Ca 2+ and C2AB. Without Ca 2+ and C2AB, fusion was low with target membranes that contained only DP lipids and high with target membranes that contained only DO lipids (Fig. 3b ). The addition of Ca 2+ and C2AB increased the fusion probability only slightly in both cases. Mirroring the Syx*192 distance measurements, target membranes composed of PO or brain lipids showed intermediate initial fusion probabilities in the absence of Ca 2+ and C2AB that increased markedly when Ca 2+ and C2AB were added. We confirmed these results by measuring fluorescence dequenching in ensemble fusion assays using Syx1a/SNAP-25-containing proteoliposomes and purified wild-type DCVs with and without Ca 2+ ( Supplementary Fig. 5a -e).
To illustrate our interpretation of the sdFLIC results as indicators of low-and high-fusion-competent SNARE conformations, we visualized the correlation between the tilt angles, that is, fractions of SNAREs in the highly active state, and the fusion probabilities for conditions with identical lipid headgroup conditions (PM; Fig. 3c ,f). In this graph, the lowest fusion probability is represented by the results from experiments in DP lipids, whereas the highest fusion probabilities are derived from the results in DO lipids and in brain lipids after Ca 2+ and C2AB were added.
Of all the lipid compositions tested thus far, the natural brain lipids showed the highest dynamic range with or without Ca 2+ and C2AB, and PS lipids appeared to be the strongest contributor toward inducing an increase in the tilt angle of the SNARE complex from the membrane surface. To further test how sensitive the SNARE conformation and DCV fusion are to fatty acyl chain composition, we substituted the 15 mol% brain PS in the brain PM mixture with 1,2-dipalmitoyl-sn-glycero-3-phospho-l-serine (DPPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine (POPS), or 1,2-dioleoyl-sn-glycero-3-phospho-l-serine (DOPS) ( Fig. 3d,e ). Although POPS could almost completely substitute for brain PS, DPPS and DOPS markedly impaired both the change in tilt angle of the SNARE complex and the Ca 2+ -mediated fusion increase of wild-type DCVs.
The Syt1-C2B domain is the main mediator of SNARE's conformational change. To this point, our comparative studies of the SNARE complex's angle of rise and Ca 2+ -dependent fusion focused on the C2AB domain of Syt1. When the C2B and C2A domains were each tested alone, we found C2B to be more potent than C2A in inducing the conformational shift of the trans-SNARE-mimicking complex reported by Syx*192. In addition, C2B was more effective than C2A in stimulating fusion (Fig. 4a,b ), such that ~74% of the fusion increase mediated by Ca 2+ and C2AB could be attributed to C2B alone. The latter observation is consistent with the proposed central role of the C2B domain in Ca 2+ -regulated fusion 34, 35 .
The C2B domain contains a polybasic patch of lysines, which has been shown to strongly mediate the binding of C2B to PI-4,5-P 2 (refs 36, 37 ). Mutating two of these lysine residues to alanine (K326A and K327A, KAKA mutant) in C2AB strongly impaired the change in the tilt angle of the SNARE complex in the sdFLIC assay and DCV fusion efficiency; both the distance of Syx*192 from the bilayer and the extent of DCV fusion were reduced to the levels observed with C2A alone (Fig. 4c,d) . These observations correlate with the reduced affinity of the KAKA mutant to PI-4,5-P 2 -containing membranes 36 , and, when we omitted PI-4,5-P 2 in the supported target membrane, are consistent with the difference between wild-type C2AB and the KAKA mutant disappearing in the sdFLIC assay ( Supplementary Fig. 5f ). A complex consisting of the soluble four-helical SNARE bundle and the C2AB domain of Syt1 has been crystallized in the absence of a lipid bilayer 38 . Based on the crystal structure, the authors proposed three functionally relevant interfaces between the SNAREs and C2AB. One of these interfaces suggests an important role for two arginine residues at the opposite tip of the Ca 2+ -binding region of the C2B domain. These arginine residues are also known to affect Ca 2+ triggering in neuronal exocytosis 38, 39 . When we replaced these arginine residues with glutamines in C2AB (R398Q and R399Q, RQRQ mutant) and performed sdFLIC and DCV fusion assays, we found only minor effects on the conformational change of the membrane-bound SNARE complex and its fusion activity; these effects could be overcome by higher concentrations of C2AB (Fig. 4e,f) . Thus, these residues do not seem to contribute to the fusion-inducing conformational change of the trans-SNARE complex studied here.
Discussion
Our data indicate that Ca 2+ -mediated binding of isolated Syt1-C2AB domains to the target membrane induces a conformational change in the membrane-anchored SNARE complex and increases the fusion probability of SytKD-DCVs with acceptor t-SNAREcontaining target membranes. Reconstituted SNARE complexes transition from a bent trans-SNARE-complex-mimicking conformation, in which their SNARE motifs are in close proximity to the membrane surface, to a more upright, cis-SNARE-complex-mimicking conformation in the membrane. This orientation change strictly correlates with the ability of SNAREs to fuse membranes, as probed under a wide range of different conditions. The increases of the tilt angle of the SNARE complex and the associated fusion probability of DCVs required the presence of PS and/or PI-4,5-P 2 in the target membrane.
A second result is that the control of fusion by Ca 2+ and C2AB could be bypassed by using a majority of lipids with unsaturated fatty acyl chains, which are less ordered than their saturated counterparts ( Fig. 3a,b) . Likewise, the transition could be inhibited by a majority of lipids with more ordered, saturated acyl chains. It has been shown that C2AB binding to lipid bilayers, especially C2B binding, de-mixes and disorders phosphatidylserines 33 and is capable of inducing highly curved membrane structures 40, 41 . This suggests a new model for Syt-mediated Ca 2+ triggering of exocytosis, in which Syt1-C2AB binding to the lipid bilayer disorders the acyl chains and the changed lipid environment consequently induces a conformational change in the juxta-membrane region of the trans-SNARE complex. The structural rearrangement of this region in the trans-SNARE complex would pull the two membranes together, exert force on the apposed membranes, and initiate fusion ( Fig. 5 ). Although the exact interactions that cause this conformational change are still unknown and require further investigation, we speculate that a balance between electrostatic and hydrophobic lipid-protein interactions determines the precise conformations of the region that eventually becomes the two-helical extension of the four-helical SNARE bundle 32 . Our results are a starting point that will allow future research to identify the critical residues in the juxta-membrane SNARE regions. Adding label positions in the sdFLIC assay and combining this method with distance constraints obtained from other sources should also allow a more accurate determination of the intermediate protein conformations during this process. Although we focused on the effects that Ca 2+ and C2AB have on the target membrane, we cannot exclude the possibility that this mechanism is more general and also includes the vesicle membrane.
The proposed model of coupling Ca 2+ /Syt action with SNAREmediated fusion through lipid interactions leads to the following important conclusions. First, the lipid composition of the target membrane is critical for function. The strong interaction between PI-4,5-P 2 and Syx1a 42,43 supports a more tilted (low tilt angle) structure of the SNAREs (Supplementary Fig. 4c ) and keeps PI-4,5-P 2 enriched at the fusion site, where it can guide membrane insertion of Syt1-C2AB near the developing SNARE complex, as required in this model 44 . According to our results, the fatty acyl chain composition of the synaptic membrane, especially the balance between saturated and unsaturated fatty acids of PS, is a crucial component of our proposed mechanism for the regulation of fusion by Ca 2+ /Syt. This regulation may be further facilitated by lipid bilayers that fluctuate between more ordered and disordered states 45, 46 .
Second, a mechanism based on modulating the tilt angle and, most likely, the stiffness of the SNARE complex would require additional (protein) factors that organize the SNAREs laterally and vertically between the two membranes to direct the force (symmetrically) to the fusion site and to assure their proper orientation with respect to the membrane surface. Munc18, which has been proposed to act as a chaperone for initial SNARE interactions, and Munc13, which is essential for vesicle priming, could together fulfill the role of a spatial organizer of active SNARE complexes 35 .
Third, the disordering and de-mixing of the lipid bilayer caused by Syt at the fusion site is most likely a local effect. Interactions between SNAREs and C2 domains 38 and between individual C2 domains 47 could therefore be part of the priming process that optimizes the spatial organization for fast triggering.
Fourth, priming of the fusion machinery is likely not limited to organization of the protein content, but must also include a reorganization of lipids at or close to the fusion site. As observed in this work, C2AB binding in the absence of Ca 2+ already influences SNARE conformation. It has been shown that the C2B domain of Munc13 is important for priming and that mutations in this domain change the Ca 2+ sensitivity of release 48 . It is therefore plausible that the membrane might be primed and conditioned for fusion by a variety of domains that are contributed by different peripheral proteins. Indeed, complexin acts on SNAREs and lipids in the vicinity of SNAREs. In fact, the N and C termini of complexin exhibit curvature-dependent binding to liposomes, which potentially allows for communication between the action of Syt on the lipid bilayer, the binding of complexin with the bilayer 22, 23, 49 , and complexin binding to the SNARE complex.
Tuning the local composition and ordering of the lipid bilayer for various fusion processes may occur on different time and length scales. For example, binding of C2 domains and ensuing changes likely happen very quickly, as required for the triggering of synaptic vesicle fusion, whereas slower forms of exocytosis involved in hormone secretion or other intracellular vesicular transport processes may entail less focal and more sustained changes in composition and order, possibly even involving metabolic mechanisms and modulation by second messengers.
In summary, our results strongly suggest that the SNARE proteins constitute not only the minimal machinery involved in constitutive membrane fusion 7 , but are also the major fusogens in Ca 2+ / Syt-stimulated fusion. The lipid bilayer is the main coupling agent that renders SNAREs sensitive to Ca 2+ /Syt stimulation. The properties of select lipid acyl chains and headgroups are crucial for efficient local coupling of Ca 2+ /Syt and SNARE action to ensure rapid content release for intercellular communication.
online content
Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and Methods Materials. The following materials were purchased and used without further purification: porcine brain l-α -phosphatidylcholine (bPC), porcine brain l-α -phosphatidylethanolamine (bPE), porcine brain l-α -phosphatidylserine (bPS), porcine brain phosphatidylinositol 4,5-bisphosphate (PI-4,5-P 2 , PIP 2 ), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-snglycero-3-phosphoethanolamine (DPPE), 1,2-dipalmitoyl-sn-glycero-3-phosphol-serine (DPPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine (POPS), 1,2-dioleoyl-sn-glycero-3phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-l-serine (DOPS), 1,2-dioleoyl-snglycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-DOPE), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3benzoxadiazol-4-yl) (NBD-DOPE) were from Avanti Polar Lipids; cholesterol, sodium cholate, EDTA, CaCl 2 (Ca 2+ ), OptiPrep density gradient medium, sucrose, 3-(N-morpholino)propanesulfonic acid (MOPS), l-glutamic acid potassium salt monohydrate, potassium acetate, and glycerol were from Sigma; 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) and n-dodecylphosphocholine (DPC) were from Anatrace; 2-[4-(2-hydroxyethyl) piperazin-1-yl]ethanesulfonic acid (HEPES) was from Research Products International; and chloroform, ethanol, Contrad detergent, all inorganic acids, bases, and hydrogen peroxide were from Fisher Scientific. Alexa Fluor 546 C5 maleimide was from Thermo Fisher Scientific. Water was purified first with three deionizing and organic-free filters (Virginia Water Systems) and then with a NANOpure system from Barnstead to achieve a resistivity of 18.2 MΩ /cm.
Cell line.
Rat pheochromocytoma cells (PC12) were originally obtained from E. Chapman (University of Wisconsin) and routinely tested for mycoplasma.
FLIC substrates.
Previously introduced FLIC substrates with quadratic terraces of 10 × 10 μ m and of 16 different oxide thicknesses ranging from 10 to 450 nm in thickness were used in all sdFLIC experiments 21 . Fabrication by photolithography and HF etching were described in detail elsewhere 50, 51 . Oxide thicknesses were measured after fabrication by microellipsometry (Accurion) and checked regularly, using a supported 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane prepared by vesicle fusion as the standard experiment 52 .
Protein purification and labeling. Syntaxin-1a (both constructs of residues 183-288 and 1-288, with single-cysteine mutation at amino acid position 192), wild-type, cys-free (all four cysteines mutated to serines) SNAP-25, soluble (residues 1-96) and full-length synaptobrevin-2, Munc18, and complexin-1 from Rattus norvegicus were expressed in Escherichia coli strain BL21(DE3) cells under the control of the T7 promoter in the pET28a expression vector and purified as described previously 21, 24, 53 . Briefly, all proteins were purified using Ni-NTA affinity chromatography. After the removal of N-terminal His tags by thrombin cleavage, proteins were further purified by subsequent ion-exchange or size-exclusion chromatography when necessary. Wild-type SNAP-25 was quadruply dodecylated through disulfide exchange with dodecyl methanethiosulfonate (Toronto Research Company) to its four native cysteines 31 . This lipid-anchored form of SNAP-25 together with syntaxin-1a was used for reconstituting the acceptor complex in membranes, whereas the cys-free SNAP-25 was employed for preassembled SNARE complexes ( Supplementary Fig. 4b,c) .
His-tagged syntaxin-1a was reacted with an at least twofold molar excess of Alexa-546 in thoroughly degassed DPC buffers. Labeled proteins were separated from free dye via extensive washing after re-binding to an Ni-NTA column. Subsequently, eluted Alexa-labeled proteins were subjected to thrombin cleavage and then purified by size-exclusion chromatography 21 .
Expression and purification of Syt1 C2A (residues 136-260), C2B (residues 262-421), and C2AB (residues 136-421) constructs was carried out as previously published 36, 54 . Briefly, Syt1 domains were derived from R. norvegicus and expressed in pGEX-KG constructs. The native cysteine at residue 277 was mutated to an alanine. The C2AB construct mutations R398Q/R399Q and K326A/K327A were produced by QuikChange site-directed mutagenesis (Agilent). The wild-type and mutant plasmids were expressed in BL21(DE3) cells (Invitrogen), and the proteins were purified using GST affinity chromatography. The GST tag was removed via thrombin cleavage. Constructs were further purified by ion-exchange chromatography to remove additional protein and nucleic acid contaminants. Purity was verified by SDS-PAGE and UV absorbance (260/280 nm), and protein quantification was based on absorbance at 280 nm.
Reconstitution of SNAREs into proteoliposomes. All SNARE proteins, the acceptor complex, and SNARE complexes, were reconstituted using sodium cholate as previously described 55 . The desired lipids were mixed, and organic solvents were evaporated under a stream of nitrogen gas followed by vacuum desiccation for at least 1 h. The dried lipid films were dissolved in 25 mM sodium cholate in buffer (20 mM HEPES, 150 mM KCl, pH 7.4) followed by the addition of an appropriate volume of the desired SNARE protein(s) in their respective detergents to reach a final lipid/protein ratio of 4,000 for each protein. After 1 h of equilibration at room temperature, the mixture was diluted to reach a sodium cholate concentration of 16 mM, close to the critical micellar concentration, by adding more buffer to the desired final volume. The sample was then dialyzed overnight against 1 liter of buffer with one buffer change after ~4 h.
Preparation of planar supported bilayers containing SNARE complexes.
Planar supported bilayers with reconstituted plasma membrane SNAREs were prepared by the Langmuir-Blodgett vesicle fusion technique as described in previous studies 42, 56, 57 . FLIC chips or quartz slides were cleaned by dipping in 3:1 sulfuric acid:hydrogen peroxide for 15 min using a Teflon holder. Slides were then rinsed thoroughly in water. The first leaflet of the bilayer was prepared by Langumir-Blodgett transfer directly onto the quartz slide using a Nima 611 Langmuir-Blodgett trough (Nima) by applying a lipid mixture of 80:20:3 PC:cholesterol:DPS from a chloroform solution using PC acyl chains to match the conditions indicated in the text. After allowing the solvent to evaporate for 10 min, the monolayer was compressed at a rate of 10 cm 2 /min to reach a surface pressure of 31 mN/m. After equilibration for 5 to 10 min, a clean quartz slide was rapidly (200 mm/min) dipped into the trough and slowly (5 mm/min) withdrawn, while a computer maintained a constant surface pressure and monitored the transfer of lipids with headgroups onto the hydrophilic substrate. Proteoliposomes were incubated with the Langmuir-Blodgett monolayer to form the outer leaflet of the planar supported bilayer. A concentration of 77-90 mM total lipid in a total volume of 1.1-1.3 ml was used. After incubation of the proteoliposomes for 2 h, the excess proteoliposomes were removed by perfusion with 10 ml of buffer (120 mM potassium glutamate, 20 mM potassium acetate, 20 mM HEPES, pH 7.4, for DCV fusion experiments or 150 mM KCl, 20 mM HEPES, pH 7.4, for sdFLIC experiments). During the experiments, buffers were exchanged with buffers that contained either 100 µ M CaCl 2 or 100 µ M EDTA in addition to the above compositions.
Plasmids and shRNA constructs. Plasmids and shRNA constructs used for preparations of DCVs have been previously described 19 . For simultaneous shRNA knockdown of multiple Syt isoforms, a modified pLKO.5 vector containing shRNA expression cassettes targeting Syt1 (TRCN0000093258) and Syt9 (TRCN0000379591) from Mission shRNA plasmids (Sigma-Aldrich) was used.
Cell culture. Wild-type pheochromocytoma cells (PC12) and a PC12 cell line stably expressing a Syt1 and Syt9 double-knockdown shRNA cassette were cultured as previously described 19 on 10-cm plastic cell culture plates at 37 °C in 10% CO 2 with DMEM High Glucose 1× Gibco supplemented with 10% horse serum (Cellgro), 10% calf serum (Fe + ) (Hyclone), and 1% penicillin/streptomycin mix. Medium was changed every 2-3 d, and cells were passaged after reaching 90% confluency by incubating 5 min in HBSS and replating in fresh medium. Cells were transfected with NPY-Ruby by electroporation using an Electro Square Porator ECM 830 (BTX). After harvesting and sedimentation, cells were suspended in a small volume of sterile cytomix electroporation buffer 58 (120 mM KCl, 10 mM KH 2 PO 4 , 0.15 mM CaCl 2 , 2 mM EGTA, 25 mM HEPES-KOH, 5 mM MgCl 2 , 2 mM ATP, and 5 mM glutathione, pH 7.6) and then counted and diluted to ~14 × 10 6 cells/ml. 700 µ l of cell suspension (~10 × 10 6 cells) and 30 µ g of DNA were placed in an electroporator cuvette with a 4-mm gap and two 255 V, 8-ms electroporation pulses were applied. Cells were then transferred to a 10-cm cell culture dish with 10 ml of normal growth medium. NPY-Ruby-transfected cells were cultured under normal conditions for 3 d after transfection and then used for fractionation. DCV purification. DCVs were purified using iso-osmotic media as previously described 19 . PC12 cells (15-30 10-cm plates depending on experiments) were scraped into PBS, pelleted by centrifugation, resuspended, and washed once in homogenization medium (0.26 M sucrose, 5 mM MOPS, and 0.2 mM EDTA). Following resuspension in 3 ml of homogenization medium containing protease inhibitor (Roche Diagnostics), the cells were cracked open using a ball bearing homogenizer with a 0.2507-inch bore and 0.2496-inch diameter ball. The homogenate was then spun at 4,000 r.p.m. (1,000g), 10 min at 4 °C, in a fixed-angle microcentrifuge to pellet nuclei and larger debris. The postnuclear supernatant (PNS) was collected and spun at 11,000 r.p.m. (8,000g), 15 min at 4 °C, to pellet mitochondria. The postmitochondrial supernatant (PMS) was then collected, adjusted to 5 mM EDTA, and incubated 10 min on ice. A working solution of 50% Optiprep (iodixanol) (5 vol 60% Optiprep:1 vol 0.26 M sucrose, 30 mM MOPS, 1 mM EDTA) and homogenization medium were mixed to prepare solutions for discontinuous gradients in Beckman SW55 tubes: 0.5 ml of 30% iodixanol on the bottom and 3.8 ml of 14.5% iodixanol, above which 1.2 ml of EDTA-adjusted PMS was layered. Samples were spun at 45,000 r.p.m. (190,000g) for 5 h. A clear white band at the interface between the 30% iodixanol and the 14.5% iodixanol was collected as the DCV sample. The DCV sample was then extensively dialyzed (two or three buffer changes) in a cassette with a 10,000-kDa molecular weight cutoff (24-48 h, 3 × 5 liters) into the fusion assay buffer (120 mM potassium glutamate, 20 mM potassium acetate, and 20 mM HEPES, pH 7.4). sdFLIC microscopy. The principle of sdFLIC microscopy and the setup as used in this work have been described previously 21 . A membrane containing protein with specifically labeled cysteines is supported on a patterned silicon chip with microscopic steps of silicon dioxide. The fluorescence intensity depends on the position of the dye with respect to the standing modes of the excitation and emission light in front of the reflecting silicon surface. Position is determined by the 16 variable-height oxide steps and the constant average distance between the dye and silicon oxide 30 .
Images were acquired on a Zeiss Axiovert 200 or Axio Observer 7 fluorescence microscope (Carl Zeiss) with a mercury lamp as a light source and a 40× water immersion objective (Zeiss; N.A. = 0.7). Fluorescence was observed through a 610-nm band-pass filter (D610/60; Chroma) using a CCD camera (DV-887ESC-BV; Andor-Technologies). Exposure times for imaging were set between 40 and 80 ms, and the excitation light was filtered by a neutral density filter (ND 1.0, Chroma) to avoid photobleaching.
During sdFLIC experiments, we acquired 4-6 images, 20-30 min after buffer changes, for each membrane condition of one supported membrane. From each image, we extracted 100 sets of 16 fluorescence intensities and fitted the optical theory with the fluorophore-membrane distance as the fit parameter. Software to fit the data was kindly provided by A. Lambacher and P. Fromherz (Max Planck Institute for Biochemistry) 30 . The s.d. values of these ~400-600 results were usually in the order of 1 nm (see Supplementary Figs. 1-3 for raw data). The optical model consists of five layers of different thickness and refractive indices (bulk silicon, variable silicon oxide, 4-nm water, 4-nm membrane, bulk water), which we kept constant for all conditions 21, 29, 52 . The reported errors for the absolute membrane distance of each protein and lipid condition in EDTA are the standard errors from at least three repeats (source data are available online). Not included in these errors are systematic errors that might originate in different membrane thicknesses or membrane-substrate distances between different lipid conditions and a systematic underestimation of the residue-membrane distance from the 10-20% of protein that is trapped on the substrate-proximal side of the supported bilayer. The reported errors after buffer changes or the addition of C2AB are the standard errors of the detected distance changes from at least three repeats for each condition. Based on previous experiments with polymer supported bilayers, we estimate the systematic uncertainty for the measured absolute distance to be ~1-2 nm 52 . The systematic underestimation of the real distance caused by protein trapped on the substrate side of the supported membrane can be estimated if we assume that 10% of fluorophores reside at an average position between the oxide surface and membrane 21 , that is, at -6 nm with respect to the distal membrane surface. With this assumption, measured FLIC distances of 0 nm, 5 nm, and 10 nm would originate from having 90% fluorophores at 0.7 nm, 6.2 nm, and 11.8 nm. Note, that when the labeled protein is added as a ligand to the membrane, as is the case for Syb*28 in Supplementary Fig. 4 , all fluorophores are on the distal site of the membrane. TIRF microscopy. Experiments examining single-vesicle docking and fusion events were performed on a Zeiss Axiovert 35 fluorescence microscope (Carl Zeiss), equipped with a 63× water immersion objective (Zeiss; N.A. = 0.95) and a prism-based TIRF illumination. The light source was an OBIS 532 LS laser from Coherent, Inc. Fluorescence was observed through a 610-nm band-pass filter (D610/60; Chroma) using an electron-multiplying CCD (DU-860E; Andor Technologies). The prism-quartz interface was lubricated with glycerol to allow easy translocation of the sample cell on the microscope stage. The beam was totally internally reflected at an angle of 72° from the surface normal, resulting in an evanescent wave that decays exponentially with a characteristic penetration depth of ~100 nm. An elliptical area of 250 × 65 µ m was illuminated. The laser intensity, shutter, and camera were controlled by a homemade program written in LabVIEW (National Instruments).
Experiments triggering DCV fusion with calcium were done on a Zeiss Axiovert 200 fluorescence microscope (Carl Zeiss), with objective and TIRF setups as described above. The light source was the 514-nm beamline of an argon ion laser (Innova 90 C, Coherent), controlled through an acousto-optic modulator (Isomet), and a diode laser (Cube 640, Coherent) emitting light at 640 nm. The characteristic penetration depth was ~102 nm and ~130 nm for the 514-and 640-nm lasers, respectively. An OptoSplit (Andor-Technologies) was used to separate the fluorescence from the NPY-Ruby and Cy5 fluorescence. Fluorescence signals were recorded by an electron-multiplying CCD camera (iXon DV887ESC-BV, Andor).
Single-DCV fusion assays.
Acceptor t-SNARE protein-containing planar supported bilayers were washed with fusion buffer containing EDTA or divalent metal Ca 2+ as indicated in the text. They were then perfused with DCV (50-100 µ l depending on the preparation) diluted into 2 ml of fusion buffer (120 mM potassium glutamate, 20 mM potassium acetate, and 20 mM HEPES, pH 7.4) with additions of EDTA or Ca 2+ /C2 as indicated in the text. In experiments with Munc18 and/or complexin, the supported membrane was incubated with 0.5 µ M Munc18 and/or 2 µ M complexin, 15 min before DCVs were added, and the same amount of protein was added to the DCV solution to keep the concentrations constant throughout the experiment. The fluorescence from DCVs was recorded by exciting with the 532-nm laser and using an EMCCD camera. After injection of the DCV sample, the microscope was focused within no more than 30 s and then a total of 5,000 images was taken with 200-ms exposure times and spooled directly to the hard drive.
Single-vesicle fusion data were analyzed using an in-house program written in LabView (National Instruments). Stacks of images were filtered by a movingaverage filter. The maximum intensity for each pixel over the whole stack was projected onto a single image. Vesicles were located in this image by a singleparticle detection algorithm described previously 59 . The peak (central pixel) and mean fluorescence intensities of a 5 × 5 pixel 2 area around each identified center of mass were plotted as a function of time for all particles in the image series. The fusion efficiency was determined from the number of vesicles that underwent fusion within 15 s of docking relative to the total number of vesicles that docked. Results are reported as the means ± standard error from five repeats of the experiments (source data are available online).
Ensemble DCV lipid mixing assays. Proteoliposomes containing t-SNAREs (syntaxin-1 and SNAP-25) with FRET paired lipid probes (1.5% each of Rh-DOPE and NBD-DOPE) were incubated at 37 °C in fusion buffer (120 mM potassium glutamate, 20 mM potassium acetate, and 20 mM HEPES, pH 7.4) with either 100 µ M EDTA or 100 µ M Ca 2+ . After 10 min of incubation, fluorimeter recording was started and DCVs (25-50 µ l) were added while NBD dequenching was monitored. Experiments were repeated three times. The average fluorescence increase is reported as the mean ± s.d.
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